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a  b  s  t  r  a  c  t
Boron  carbide  powder  was  synthesized  by thermal  plasma  reduction  of  boric  acid  in presence  of  graphite
with  a  very  minimal  processing  time. Subsequently,  the as-synthesized  products  were  leached  to  min-
imize  the  impurities  content.  Based  on  the  results  of  X-ray  diffraction  and  Raman  spectroscopy,  the
effect  of leaching  on phase  purity and  crystallinity  was  studied.  X-ray  photoelectron  spectroscopy  wasunctional applications performed  to identify  the chemical  composition  which  highlighted  the absence  of  the  B O  bonding  in
the  deconvoluted  B  1s  core-level  spectrum.  Finally,  the temperature  dependent  thermal  conductivity
behavior  of  the leached  materials  was  analyzed  and  presented.
©  2015  The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V.  All  rights  reserved.. Introduction
Several efforts have been carried out to synthesize the boron
arbide (B4C) powder by reducing boron oxide or oxyhydrides
n presence of any carbon sources like graphite, petroleum coke,
oly (vinyl alcohol), glycerin, etc. [1], by using different synthesis
ethods, such as solid state reaction between boron and carbon
ontaining elements [2], carbothermal reduction of boron oxide by
arbon in presence of magnesium at low temperature [3], ther-
al  decomposition of magnesium diboride with multiwall carbon
anotubes by catalytic chemical vapor deposition [4], reduction of
Cl3 by CH4 using Laser heating [5], reduction of BBr3 and CCl4 as
he reactant in presence of metallic Na [6]. Recently, Singh et al. [7]
eported the synthesis of B4C powder by carbon thermal reduction
f boric acid in presence of magnesium. However, this process takes
 very long processing time (>19 h) and the amount of the product
imits the process for industrial scale production.
In this paper, we describe the thermal plasma synthesis of B4C
owder using boric acid (H3BO3) and graphite (C) powder as the
eed (with H3BO3/C ratio of 4 and 5) and the effect of acid leaching
fter plasma processing. The change in phase, phase purity, crys-
allinity and chemical composition of the samples before and after
cid leaching were analyzed and compared using X-ray diffraction
XRD), Raman spectroscopy and X-ray photoelectron spectroscopy
XPS). Finally, the thermal conductivity behavior of the leached
amples was discussed. This work offers an approach for the indus-
rial scale synthesis of B4C powder with very short processing time.
he possibility of utilizing this industrial scale synthesis for the
mportant n-type borocarbides is in progress as reported by Mori
t al. [8–10].
Peer review under responsibility of The Ceramic Society of Japan and the Korean
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Weight of boric acid and activated carbon was  taken accord-
ing to the desired boric acid/carbon ratios 4 and 5. Boric acid and
activated carbon were mixed through dextrin 5%, granularized and
oven dried. The dried spheroid was charged in extended arc ther-
mal  plasma reactor. The details of the reactor have been described
elsewhere [11]. The plasma forming gas (argon) was  introduced
through the axial hole of the reactor and the optimized arc cur-
rent and voltage were applied. The plasma processing time was
kept for 10 min. After plasma synthesis the powder product was
acid leached. The leaching reagent was  prepared by taking 10 ml  of
concentrated sulphuric acid, 10 ml  of concentrated nitric acid, 5 ml
of concentrated perchloric acid and 20 mg  of potassium dichromate
in a 100 ml  conical ﬂask. 5 gm of the as-synthesized sample of boron
carbide was taken in that ﬂask and boiled at 80 ◦C for 25–30 min.
Subsequently, the residue (after acid leaching) powder was col-
lected after ﬁltration with water and dried. This dried powder was
mixed with polyvinyl alcohol and pressed with 7 ton pressures to
form pellet (10 mm diameter and 1.8 mm thickness). Then, these
pellets were subsequently plasma sintered with 300 A current, 55 V
voltage for 10 min  in an argon plasma. These sintered pellets were
taken for thermal characterizations. The samples before acid leach-
ing are assigned as Sample 1 (H3BO3/C weight ratio 4) and Sample
2 (H3BO3/C weight ratio 5), and after acid leaching as Sample 3
(H3BO3/C weight ratio 4) and Sample 4 (H3BO3/C weight ratio 5).
The pore content of the plasma sintered sample was calculated from
the measured density based on the mass and volume. The density
values were found as 2.02 and 1.99 g/cm3 for Sample 3 and Sample
4, respectively.XRD analysis was carried out using a X’Pert Pro from PANa-
lytical X-ray diffractometer with Cu K source. The reduction of
graphite content in the samples before and after leaching is deter-
mined from the XRD patterns by comparing the IB4C/IG ratio in
tion and hosting by Elsevier B.V. All rights reserved.
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ll the specimens, where IB4C and IG denote the intensity of peak
1 0 0) of B4C (2  = 37.8◦) and the intensity of peak (1 0 0) of graphite
2  = 26.5◦), respectively. It is obvious that higher the IB4C/IG ratio,
igher will be the volume fraction of B4C and lower the free carbon.
icro Raman measurements were carried out at room temperature
sing Reneshaw inVia instrument with Ar–Kr ion laser with 514 nm
avelength as an excitation source in a backscattering geometry.
or binding energy (B.E.) study, XPS (S/N 10001, Prevac, Poland)
pectra were taken with Al K (h = 1486.6 eV) radiation and hemi-
pherical (VG Scienta) energy analyzer. The thermal diffusivity and
elative speciﬁc heat values were calculated using instrument Lin-
eis made LFA 1000. The Laser ﬂash technique was  used for the
easurement of the thermal conductivity in the temperature range
f 100–1000 ◦C.
. Results and discussion
The XRD patterns of the samples before (Samples 1 and 2)
nd after acid leaching (Samples 3 and 4) are shown in Fig. 1.
he XRD patterns of Samples 1 and 2 (Fig. 1a and b) match with
olycrystalline B4C phase with the JCPD ﬁle no. 35-0798. Also,
wo additional impurity phases, B2O3 (JCPDS ﬁle no. 76-1655) and
morphous carbon, are observed. The peak at 2 = 26.4◦ corre-
ponds to the graphitic carbon peak and the broadening of this peak
ndicates the presence of amorphous carbon in the as-prepared
amples. The XRD patterns of these two samples after acid leach-
ng are shown in Fig. 1c and d. After acid leaching, the full width at
alf maxima of the B4C peaks broadens for both the samples which
ndicated the reduction of crystallite size. Also, the intensity of the
arbon (1 0 0) peak reduces for both the samples. The calculated
ntensity ratio of peak (1 0 0) of B4C (2  = 37.8◦) to peak (1 0 0) of
raphite (2  = 26.5◦) (IB4C/IG) increased from 3.4 and 2.3 (for Sam-
les 1 and 2) to 4.6 and 6.2 (for Samples 3 and 4), respectively
ndicating the reduction of the carbon content after acid leaching.
Similarly, the Raman spectra of the samples before and after
cid leaching are shown in Fig. 2. Before leaching (Samples 1 and
), the prominent graphite bands at 1351.5, 1583.4 and 2699 cm−1,
ssigned as D, G and 2D band, respectively, are observed (shown
n Fig. 2a and b) [12]. However, the signature peaks of B4C (which
re observed below 1100 cm−1) are missing and in this wave num-
er range, a broad band centered at 493 cm−1 is observed. After
eaching (Samples 3 and 4), these dominating graphitic peaks (D,
 and 2D) almost disappear and the signature peaks of the B4C are
bserved at 272.62, 320, 482.4, 534.3, 728, 834.4 and 1078.9 cm−1
ig. 1. XRD patterns of the B4C powder produced from the mixtures of (a) Sample
,  (b) Sample 2, (c) Sample 3 and (d) Sample 4.Fig. 2. The Raman spectra of the B4C samples before and after acid leaching: (a)
Sample 1, (b) Sample 2, (c) Sample 3 and (d) Sample 4.
(Fig. 2c and d). In these spectra, the peaks observed at the low
frequency side (i.e. at 272.6, 320, 834.4 and 1078.9 cm−1) are corre-
sponds to the A1g symmetrical stretching of the CBC and CBB chains
of B4C [13]. Additionally, the bands at 482.4, 534.3, and 728 are
assigned due to the rotating chain and stretching icos and breathing
B12 icosahedrons [14]. However, these peaks position altered with
respect to the pure B4C peaks position [15,16] which indicated the
presence of different stoichiometric forms of the B4C in the sam-
ple. Additionally, the Raman data conﬁrmed that before leaching,
the B4C powder was  masked by the graphitic carbon layer which
was leached out after acid treatment, giving rise to a ﬁne crystalline
product with minimized graphitic impurity.
XPS survey-scan spectrum of Sample 4 in the binding energy
range of 0–1000 eV indicated the presence of boron, carbon and
oxygen (Fig. 3a). The core-level spectra of these three elements (B
1s, C 1s and O 1s) are shown in Fig. 3b–d. The B 1s core-level spec-
trum was  ﬁt to two components (Fig. 3b). The components at 188.1
and 187.3 eV correspond to the B C and B B bonds, respectively,
which is in good agreement with the reported values [17–19]. The C
1s peak was  broad and asymmetric with a distinct shoulder. It was
ﬁt to four components. The component at 281.1 eV was assigned to
the B C bond. This C 1s spectrum component was associated with
the B 1s component at 188.1 eV (Fig. 3a). The core-level spectrum
was deconvoluted into four components. The ﬁrst component at
288.7 eV (Fig. 3c) was assigned to a C O linkage whereas the second
component at 285.8 eV was assigned to a C O bond or C OH  bond
[16]. The corresponding O 1s component associated with the C O
(or C OH) bond appeared at 531.9 eV (Fig. 3d). The third and fourth
components of the C 1s at 284 and 281.1 eV are assigned to carbon
contamination. The O 1s component at 534.8 eV (in Fig. 3d) corre-
sponds to a B O bond [20]. However, no boron oxide related peak
was observed in the B 1s deconvolution (Fig. 3b). Generally, the
boron oxide related peaks of B 1s core-level spectrum are observed
above 190 eV [19]. Hence, it is suggested that surface contamination
(related to exposure to ambient atmosphere) before loading to XPS
chamber resulted in the progressive oxidation of the surrounding
pyrolitic boron.
Fig. 4a and b shows the temperature dependent of thermal dif-
fusivity and speciﬁc heat for the Samples 3 and 4. The thermal
diffusivity of both the samples decreases exponentially with tem-
perature (up to 1000 ◦C). From the variation in thermal diffusivity
and speciﬁc heat with temperature, the temperature dependent
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tig. 3. (a) XPS survey scan of Sample 3. XPS detailed scans, (b) the B 1s peak was ﬁt 
t  281.1 eV, 284 eV, 285.8 eV, and 288.7 eV and (d) the O 1s peak was  ﬁt to two com
hermal conductivity of these two materials was calculated by
sing the equation: (T) = ˛(T)·cp(T)·(T), where  = thermal con-
uctivity,  ˛ = thermal diffusivity, cp = speciﬁc heat, and  = density
s a function of temperatures. The calculated thermal conductivity
as plotted against temperature which indicated the exponential
ecrease in the thermal conductivity with increase in temperature
or both the samples (Fig. 4c).
ig. 4. (a) The thermal diffusivity of B4C as a function of temperature, (b) speciﬁc hea
emperature. components at 187.3 eV and 188.1 eV, (c) the C 1s peak was ﬁt to four components
ts at 531.9 eV and 534.8 eV.
In general, the intericosahedral bonds in the B4C system have
a major contribution to the lattice vibrational induced thermal
conductivity. These intericosahedral chain positions in B4C and
low carbon systems of B6.5C, B7.5C and B9C are ﬁlled by C B C
and B B C chains, respectively. The C B C chains contribute to
the harmonic and B B C to an un-harmonic part of temperature
dependent thermal conductivity. In this case, the system consists of
t as a function of temperature and (c) the thermal conductivity as a function of
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ifferent stoichiometries of boron carbide (as conﬁrmed from the
aman analysis). Thus, as the temperature increases the density
f phonon increases which enhances the probability of Umklapp
cattering and resulted in the decrease of thermal conductivity
ith temperature [21,22]. However, the observed room temper-
ture thermal conductivity value is higher than the reported value
f the less porous B4C powder [18] which is suspected due to the
resence of residual carbon in the samples [23–25].
. Conclusions
i. This method provides a facile procedure for growing B4C pow-
der in an industrial scale with very short processing time using
thermal plasma technique.
ii. These synthesized powders contain additional impurities like
amorphous carbon and B2O3 phases which are leached out after
acid treatment. The Raman data strongly suggest that the amor-
phous carbon content in the ﬁnal product is minimized and XPS
spectra conﬁrm the absence of B O bond in the ﬁnal product.
ii. The thermal diffusivity and conductivity of the synthesized
materials decrease with increase in temperature and reaches
to 0.01 m2/s and 0.07 W/m  K at 1000 ◦C, respectively. The
enhanced thermal conductivity of the samples at room temper-
ature and the decrease in conductivity with temperature were
elucidated.
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